The current assessment of lesser sandeel (Ammodytes marinus) in the North Sea assumes a single stock and a knife-edge maturity ogive. However, there is evidence that the North Sea stock consists of several reproductively isolated components, raising the possibility of demographic differences among regional aggregations. We examine regional variation in size-and age-at-maturity in four components of the North Sea stock. Surveys in 1999 indicated pronounced regional differences in length-and weight-at-age, implying a disparity in growth rate across the North Sea. Logistic regression revealed that the onset of maturity was significantly related to regional distribution, in addition to length and age, with a tendency for fish off the UK's northeast coast to mature later and smaller than elsewhere. No significant effect of year on either growth or length-at-maturity was revealed from a comparison with other data collected in 2004. The results show that important regional phenotypic variation not currently represented in stock assessments could have implications for the local sustainability of sandeel aggregations.
Introduction
Many stocks of marine fish consist of several spawning components with a variable degree of reproductive segregation (Sinclair, 1988; Stephenson, 1999) . Differences in life history among these subpopulations may reflect local adaptation as well as a phenotypic response to spatial variation in environmental conditions (Olsen et al., 2004; Conover et al., 2005) . Understanding such population variation is important in ensuring that fish harvests do not lead to localized depletion.
Sandeels are an abundant and important component of North Atlantic foodwebs (Sherman et al., 1981; Daan, 1990) , and until 2003, they supported the largest fishery in the North Sea (primarily Ammodytes marinus), with annual landings exceeding a million tonnes in some years (ICES, 2005) . Within the North Sea, there are several distinct aggregations of A. marinus, the distribution of which is largely defined by the availability of suitable sediment in which to reside following settlement (Wright et al., , 2000 , the limited scale of movement of settled sandeels (Kunzlik et al., 1986; Popp-Madsen, 1994) , and the low rates of larval exchange among habitat patches Munk et al., 2002) . In the light of these findings, the regional sustainability of these aggregations has become an important issue in managing North Sea sandeels (Monaghan, 1992; . Moreover, concern over the local impact of fisheries has contributed to precautionary closure of the fisheries off the northeast coast of the UK (ICES, 1999a) .
Sandeels are planktivorous throughout their life, calanoid copepods forming the main constituent of their diet (Macer, 1966) . Given the relative spatial isolation of sandeel aggregations in the North Sea, it might be reasonable to expect that the great variability in abundance of zooplankton, on both temporal and spatial scales (Fransz et al., 1991) , could lead to spatial differences in growth rate. Indeed, significant spatial differences in the growth of sandeels have been described, although the studies upon which such findings are based tend to have relied on data collected in different years or restricted to specific areas of the North Sea (Macer, 1966; Warburton, 1982; Bergstad et al., 2001 Bergstad et al., , 2002 . Differences in size-at-age north and south of 56830 0 N reported in 1978 were, until 1995, used as a basis for dividing the North Sea into two regions for the purpose of sandeel assessment (ICES, 2005) . However, temporal variation in size-at-age at some locations suggests that size differences may not persist (Wright and Bailey, 1996; Bergstad et al., 2002) . Nevertheless, recent research suggests that although a notional north/south divide in the assessment of the stock appears to have little relevance ICES, 1999a; Munk et al., 2002) , there are differences in population dynamics between reproductively isolated aggregations in eastern and western areas of the central North Sea (Pedersen et al., 1999) . A recent analysis of a 25-y time-series of sandeel size-at-age off the Firth of Forth, Scotland also indicates that sandeels there have always been slow-growing, despite a long-term decline in growth rates (Wanless et al., 2004) .
Growth in sandeels is very seasonal, with the strongest period of growth between March and July (Bergstad et al., 2002) after emergence from the sandy substrata in which they over-winter (Macer, 1966; Wright et al., 2000) . When they are active, sandeels tend to emerge only during daylight to feed (Winslade, 1974a) , restricting foraging to nearby waters. Maturation of A. marinus is during July, with a transition to exogenous vitellogenesis (females) or spermatocyte production (males) in August or September (PB and PJW, pers. comm.) . Experimental evidence provided by Boulcott and Wright (submitted) from a population of sandeels sampled off the east coast of Scotland suggests that maturation of fish aged 1 y is dependent on growth before a critical period of maturation in June/July of their second growing season, with few fish ,10.7 cm becoming mature. Maturation in the second growing season appears typical for many parts of the North Sea, because nearly all sandeels are mature by January, when they are 2 y old (Macer, 1966; Gauld and Hutcheon, 1990) .
Assessment of the North Sea sandeel stock currently uses a knife-edge maturity relationship, all fish .2 y old being assumed to be mature on 1 January. However, given that maturity is related to size (PB and PJW, pers. comm.) and that growth differences have been reported among some of the reproductively isolated populations, there is potential for regional variability in the proportion of 2-y-old sandeels that mature, unless populations of slower-growing fish mature at a smaller size. As sandeel stocks are dominated by just a few age classes (Pedersen et al., 1999) , even small changes in the proportion of fish maturing before or after the assumed maturation threshold could affect spawning-stock biomass. Slower growth rates for a given mortality should select for smaller size-at-maturity, as seen from an interspecies comparison of flatfish life history (Roff, 1983) , but this may not completely compensate for potentially confounding variation in the energy accrual abilities of fish within populations. Hence, relationships between maturity and size of sandeels may vary regionally in relation to long-term differences in growth rate not accounted for in the knife-edge maturity relationship used for the assessment. Although all sandeels .13.5 cm collected from northern Scottish waters are mature, published accounts provide some support for the notion of a regional difference in maturity (Gauld and Hutcheon, 1990) with, for example, just 50% of fish 14 cm long maturing on the Klondyke Bank (Bergstad et al., 2001) . Nevertheless, because earlier comparative studies were conducted across different years, it is possible that the reported differences reflect temporal rather than spatial variation in maturity -size relationships. If true, however, such regional variation will serve further to influence reproductive traits through the positive influence of growth on age-specific fecundity (Shine and Schwarzkopf, 1992) and egg size (Kjesbu et al., 1991, Marteinsdottir and Steinarsson, 1998) .
Here, we characterize maturity-at-size and -age relationships of sandeels in four of the main fishing regions for the species in the North Sea. Sampling is undertaken in two time periods, and our aim is to test whether there are significant regional differences in maturity -size relationships and whether any spatial differences persisted over time. The implications of the results to the current maturity schedule used in the assessment are also examined.
Methods
Dredge samples of sandeels were collected during surveys conducted by the Danish Institute for Fisheries Research and the FRS Marine Laboratory during 1999 from four key sandeel fishing grounds in the North Sea: NW Rough, Elbow Spit, Fisher Bank, and off the Firth of Forth (Figure 1 ). The surveys took place between late October and early December, after the summer growing season, at a time when sandeels return to bury themselves in the substratum, before re-emerging to spawn in December and January (Gauld and Hutcheon, 1990) . Although little or no change in the length of sandeels has been noted during the sampling period (PB and PJW, pers. comm.) , to ensure that any regional length differences were not an artefact of our sampling regime, all fish used in the analysis for 1999 were collected within a 30-d period. To provide data with which to examine temporal changes in maturity, a second, smaller-scale survey was undertaken in 2004. As regional variation in maturation in the 1999 survey was predominantly in age classes 0 -2, the 2004 survey avoided collecting sandeels belonging to the upper limits of the species' length range, with a representative sample of 20 fish for each 0.5 cm length interval across the 7.5-17 cm length range targeted in each of the four regions. Regrettably, poor recruitment of sandeels across the North Sea in 2004 made it difficult to obtain the desired stratified sample. The collection in 2004 only gathered a sufficient sample of sandeels aged 1 y and was unable to obtain any data for the Fisher Bank. This situation was also mirrored in an earlier survey attempt in 2003, during which few sandeels aged 1 y were caught in any of the four target regions. Although sandeels aged 1 y dominated our sample collection, this age group constitutes some 78% of sandeel numbers when the 0-group is excluded from stock estimates (ICES, 2005) . Once collected, all samples of A. marinus were frozen in the field for later analysis in the laboratory.
Age, total length (+1 mm), wet weight (+0.0001 g), and eviscerated wet weight (+0.0001 g) were recorded for each fish collected during the 2004 survey. Collection of weight data was not, however, possible during the 1999 survey. Where discernible, sex was recorded by direct observation of the gonads. For immature juvenile fish for which sex was indeterminate, a double entry was added to the data set used to analyse maturation, each fish being recorded once as female and then again as male. Maturity was classified macroscopically in females according to the standard ICES four-stage scale: virgin, maturing, spawning, and spent (ICES, 1999b) . All mature fish of both sexes were in late maturation at the time of sampling.
The age of all fish was determined by examination of their sagittal otoliths. Counts of annual increments were made under Â60 magnification with the sagittae immersed in 80% ethanol against a black background illuminated by reflected light. Interpretation followed the protocol of ICES (1995), 1 January being taken as the common birthdate. All estimates were made by an experienced reader, and a subset of annual increment counts was verified using counts of daily increments (Wright, 1993) . As they represented just a small proportion of samples in each region, sandeels 4þ years old at capture were excluded from the analysis.
Statistical analyses
Analysis of variance (ANOVA) was carried out on length distributions to determine the overall variance between regions and, where applicable, year of survey. Fisher's Protected Least Squares Difference (PLSD) post hoc multiple comparisons were used to identify specific differences between regions. For fish for which sufficient information on sex was present, the size structures of sandeels sampled within each region were contrasted using a Kolmogorov-Smirnov two-sample test to test for sexspecific differences.
When assessing maturity, the data sets compiled from the two surveys were analysed using a logistic regression model (McCullagh and Nelder, 1983) , which included length, age, sex, region, and year as explanatory variables. Changes in sandeel length are negligible during our selected sampling period (PB and PJW, pers. comm.), thus permitting reasonable comparison between samples collected on dates 30 d apart. Maturity in our model was expressed as binary (immature or mature), with region, age, and sex expressed as factorial variables. The proportions maturing in each instance were modelled as a response function using a logit link function, where
The initial model used for the logistic regression included all explanatory variables and their interactions. Minimum adequate models could then be derived by stepwise deletion of all nonsignificant terms. We also calculated an additional measure of model fit, based on a pseudo-coefficient of determination (Swartzman et al., 1995) , which was taken to be the fraction of the total variation explained by the model:
The unavoidable omission of Fisher Bank from the 2004 data set prevented adoption of a fully balanced design that included all regions and ages across the two periods. Instead, the entire 1999 data set was first analysed in isolation, with length, age, sex, and region included as explanatory variables. Minimum adequate models were again derived by stepwise deletion of all nonsignificant terms. In all instances, models were re-built and tested with explanatory variables introduced in a different sequence, to ensure that order effects were not apparent. The only age class for which sufficient data existed across both 1999 and 2004 surveys belonged to the age 1 group from NW Rough, Elbow Spit, and Firth of Forth. This data set was subsequently analysed using a linear regression model, in which length, sex, region, and year of survey were used as explanatory variables.
Results
In all, 4291 sandeels were collected over the two surveys for which length, age, and maturity data were available ( Table 1) . Examination of the contents of mature ovaries from sandeels caught in both 1999 and 2004 surveys showed them to contain a single batch of late vitellogenic oocytes. Mature male gonads were all in final stages of maturation. No fish sampled displayed any evidence of having spawned during the sample period.
Within the age range of 0-3 y sampled during the two surveys, total length ranged from 5.4 to 19.1 cm. Mean length-and weight-at-age of fish split by region are given in Table 2 (Table 3 ). No such difference was apparent in any of the other three regions tested. Consequently, male and female data were not pooled, with sex subsequently included as an initial explanatory variable during the process of fitting regression models to maturity ogives.
Length distributions split according to age, sex, and region were unimodal, consistent with the relatively discrete spawning period associated with the species. A one-way ANOVA applied to each of the age groups tested in 1999 revealed significant differences in mean total length and mean weight for each of the four regions tested (Table 2) . With regard to age 0 fish, this disparity in size was at its most pronounced when comparing fish from Fisher Bank and the Firth of Forth. The mean total length of samples collected from Fisher Bank was 2.6 cm greater and their mean weight 2.9 g heavier. The diminutive size of fish sampled from the Firth of Forth was also apparent in the three other age groups tested, although the relative ranking of the other three regions in terms of size altered in these age groups. A similar pattern of significant differences in mean total length and weight was recorded across the three regions sampled during 2004. Multiple post hoc analyses of these tests carried out on both sample years revealed that no single region was responsible for the significant effect of region on size. A two-way ANOVA applied to the combined 1999 and 2004 data set revealed a significant effect of region (two-way ANOVA: d.f. ¼ 2, F ¼ 555.1, p , 0.001) and its interaction with year (d.f. ¼ 2, F ¼ 39.2, p , 0.001), but was unable to detect a significant effect of year on mean length-at-age for the 2 years sampled
Maturity-at-length and -age
Maturity ogives fitted by logistic regression for each of the four regions sampled during the 1999 survey are given in Figure 2 , with overlying plots depicting the proportions maturing in each region across 0.5 cm intervals. Only one fish ,9 cm matured in any region tested, and all fish .17 cm were mature. The proportion of fish that matured varied according to region and age during the 1999 survey (Table 4) . With the notable exception of Fisher Bank, the percentage of age 0 fish to mature in each region amounted to ,5%. Of the 579 age 0 fish sampled on Fisher Bank, 22% were mature. These fish would, therefore, be expected to spawn at age 1.
As expected, total length (logistic regression: t ¼ 29.82, p , 0.001) proved to be the most important explanatory variable, accounting for 49% of the variation in maturity when a logistic regression that contained all explanatory variables was fitted to the data collected during the 1999 survey. Both age (t ¼ 24.89, p , 0.001) and region (t ¼ 26.14, p , 0.001) influenced the maturity of A. marinus, accounting for an additional 6 and 2% of the variation, respectively. Sex, although statistically significant (t ¼ 2.06, p ¼ 0.04), explained just 0.001% of the variance in observed maturity values and was, therefore, omitted from the minimum adequate model. The maximum likelihood estimates of all parameters in the minimum adequate model are given in Table 5 .
To assess the effect of year on maturation, data collected from sandeels aged 1 y from NW Rough, Elbow Spit, and the Firth of Forth were compared across the 1999 and 2004 surveys. The restriction of this analysis to age 1 fish was because of sampling limitations. Applying a logistic regression model to this combined data set revealed that length was the sole explanatory variable (t ¼ 20.02, p , 0.001), accounting for 35% of the variation in maturity. Year (t ¼ 21.09, p ¼ 0.27), sex (t ¼ 1.40, p ¼ 0.16), and region (t ¼ 20.65, p ¼ 0.53) did not, however, influence maturation.
Given the omission of Fisher Bank from the combined data set, data from the 1999 survey were re-tested for all four regions using only sandeels aged 1 y. Again, length was the main explanatory variable in our logistical regression (t ¼ 18.1, p , 0.001), explaining 18% of the variation in maturity; compare this result with region (t ¼ 212.17, p , 0.001), which accounted for 8% of the variation. No effect of sex was apparent (t ¼ 1.90, p ¼ 0.06). When Fisher Bank was removed from the age 1 data set, total length became the sole explanatory variable in the model (t ¼ 17.82, p , 0.001, r 2 ¼ 0.37), as it had been in the combined data set, with no discernible effect of region (t ¼ 20.27, p ¼ 0. 
Discussion
The existence of regional differences in growth rate of A. marinus is evident from the range in sizes-at-age reported for different areas of the North Sea (Macer, 1966; Bergstad et al., 2002; Wanless et al., 2004) . However, where growth patterns from several regions of the North Sea were compared, such comparison was invariably across different years, so it is possible that reported differences may reflect temporal rather than spatial variation in growth. Nevertheless, in a recent study comparing sandeel growth between an unexploited site and a commercially fished ground, Bergstad et al. (2002) detected differences in size-at-age of fish sampled within the same year. The results presented here provide clear evidence of marked regional differences in size-at-age across the commercially fished range of North Sea sandeels.
The North Sea habitat offers considerable spatial variation in the environmental conditions that can influence growth. At the most basic level, access to food resources will influence growth and, as such, environmental and seasonal cycles that influence zooplankton production throughout the North Sea might be expected to contribute to the observed differences in size-at-age between regions (Macer, 1966) . That the seasonal distribution of copepods, the main component of sandeel diet in the North Sea (Ryland, 1964; Macer, 1966) , varies over the North Sea supports this position. For example, copepod biomass peaks later and for a shorter period at the Firth of Forth aggregation than in the other areas examined here (Fransz et al., 1991) . Temperature influences the emergence of sandeels from the substratum, and this will also affect feeding activity (Winslade, 1974a, b) , as well as the scope for growth. However, although banks south and east of the Scottish east coast tend to have warmer sea surface temperatures in summer (FRS, 2004) , little is known of the actual temperature that sandeels experience in the water column. Moreover, growth can rarely be attributed to one variable, and biotic factors, including density-dependent effects (Nagoshi and Sano, 1979) and reproductive investment (Roff, 1992) , are liable also to be important in controlling growth of sandeels.
Our model revealed a distinct regional effect on maturity, with fish from faster-growing regions maturing earlier and larger, e.g. fish sampled from Fisher Bank matured earlier but larger. As is generally the case (Lambert et al., 2004) , total length was the dominant factor in determining the maturity of North Sea sandeels, accounting for 49% of the variation in maturation rates in some instances. It is possible that the addition of body condition as a factor may improve the predictive ability of the model because, in fish species such as cod (Gadus morhua), indices of body condition have an important effect on spawning potential (Marteinsdottir and Begg, 2002; Yoneda and Wright, 2004) . However, the lack of complete weight records from the 1999 survey precluded the inclusion of weight as an explanatory factor, 
where I is the intercept, L the regression coefficient, l the length in cm, A i the age effect for age class i, and R j the regional effect for region j. 
Numbers in parenthesis denote the number of fish sampled.
whereas evidence from 2004 survey data suggests that weight recorded at the time of spawning does not increase model fit appreciably for sandeels. This could, in part, be because they spawn some 5 -6 months after committing energetic resources to reproduction (PB and PJW, pers. comm.) , and crucially, after experiencing a prolonged period of weight loss following their return to the substratum during September. Within each region, age influenced maturation in addition to the effect of length, with a shift in the maturity ogive towards smaller length as age increased up to age 2, denoting an increase in the probability of maturation as fish get older. Although there was an apparent reversal of this trend for sandeels aged 3 y, this result could be influenced by year-class differences in maturity-at-age and the small sample size of the age class. Despite the existence of a significant difference in the sex ratio of sandeels in favour of females, a finding that supports that of Macer (1966) , our model recorded a statistically significant effect of sex on maturation on just one occasion. Then, the variation in maturity accounted for by sex was negligible. Similarly, our analysis of the cumulative frequency distribution of male and female length data split according to region revealed sex to be a significant effect in only one region, the Firth of Forth. It is possible that this result is driven by the fact that fish there mature smaller, with the higher relative energy cost of producing ovaries in females acting to drive a gender-related difference in the size at which fish mature. Generally, however, our analysis suggests that differences in the timing of maturity between sexes appear mediated solely by differences in length recorded in both sampling periods. Such a mechanism may explain the observation that more male sandeels mature young than females (Bergstad et al., 2001) .
The proportions of sandeels maturing in the age 0 class in Elbow Spit, NW Rough, and the Firth of Forth are similar to a previously published figure of 5% maturity recorded from Southernmost Rough (Macer, 1966) , an area next to NW Rough. The prevalence of maturity in the age 2-group belonging to these three areas also compares favourably with Macer's (1966) published estimate of 97.9%. However, the maturity rates derived from Fisher Bank differ appreciably from published values for sandeels elsewhere in the North Sea (Macer, 1966; Bergstad et al., 2002) . In particular, the faster-growing age 0 sandeels on Fisher Bank exhibited a considerably higher rate of maturity than estimates previously documented for this age group. Nonetheless, in the light of life history theory, such a finding might be expected, because rapid juvenile growth favours a younger age at first reproduction (Charlesworth, 1980) , with maturation taking place across a trajectory of size and age ranges that are themselves determined by demographic conditions (Stearns and Crandall, 1984) . Also, because sandeels aged 0 on the Fisher Bank grow faster, and because the size overlap between sandeel age classes is small, with maturation decided annually, the size range at maturity will necessarily become more extended. That the high prevalence of maturity in Fisher Bank fish relative to the other regions is not maintained in sandeels aged 1 or 2 is of note, and it is plausible that such low rates of maturation may reflect adverse environmental conditions or strong intraspecific competition experienced by these different year classes that formed the 1999 sample. Clearly, to improve our understanding of maturity -size relationships, future studies need to consider the probability of maturation within a year class, because the differences in age-at-maturity observed at Fisher Bank may well reflect differences in the growth rates of year classes.
It is also conceivable that the regional disparities we found in age-and size-at-maturity might reflect differences in commercial fishing activity between areas. As fish are removed from a local stock, the resultant reduction in competition for food resources may allow faster growth of juveniles and earlier maturity. Therefore, if high rates of fishing lower density dependence in terms of competition for food, then fishing mortality might be met in the short term by a decrease in age, but also an increase in length-at-maturity (Reznick, 1993; Rochet, 1998) . Direct evidence for growth compensation attributable to enhanced mortality from commercial exploitation has not yet been found for A. marinus. Although Bergstad et al. (2002) noted a significant difference in length at 50% maturity between a commercially fished area and an unexploited area outside the main North Sea region, fish collected from the exploited area maturing larger, they were unable to conclude that their recorded differences were a response to differences in density. Nevertheless, Nagoshi and Sano (1979) , looking at annual variations in growth of age 0 fish in the related A. personatus, found a negative correlation between population density and growth.
Data collected during 1999 and 2004 suggest that there were no changes in length at age 1 within the regions across the two periods. The significant interaction between sample year and region indicates that differences in length at age 1 between regions do, however, alter according to year sampled. That no year effect on length has been found in our study is surprising, given the variable nature of the conditions likely to influence growth of sandeels, and that none was found may be due to chance alone. Previous studies of sandeel growth have, in contrast, found significant year effects when examining growth over several years (Macer, 1966; Wright and Bailey, 1996; Bergstad et al., 2002; Wanless et al., 2004) . Regrettably, owing to restrictions created by very poor recruitment to the stock in both 2003 and 2004, our study was only able to test across two periods in three of the regions initially tested, and it is conceivable that the 2 y for which we have data yielded similar growing conditions. With respect to maturation, our study did not indicate temporal variability in the maturity-at-length relationship within each region, suggesting that the maturity ogives depicted in Figure 2 may be stable throughout the time scales under observation. Given this, it is likely that any observed changes in the maturity rate of single age groups between years would be ascribed to changes in length rather than to a change in the shape of the maturity ogive.
The maturity-at-age key currently used by ICES assumes 100% maturity of North Sea sandeels at age 2. Although our estimates for two of the four regions analysed are consistent with this threshold, sandeels from the Firth of Forth and Fisher Banks, which recorded a prevalence of maturity of 79 and 58%, respectively, clearly do not conform to this broad assumption. Moreover, as fecundity also scales to size, lower length-at-age, such as in the Firth of Forth, will also drive reduced fecundity-at-age (Macer, 1966; Gauld and Hutcheon, 1990) . The results presented here suggest that considerable regional differences exist within the North Sea with respect to growth and length-at-maturity, the sandeels spawning at age 1 on Fisher Bank contributing significantly more to egg production than sandeels of similar age elsewhere. In terms of sustainability, the regional difference in growth and maturity will influence the local reproductive potential of the different aggregations. Indeed, the aggregations appear largely self-recruiting Munk et al., 2002) and very site-attached following the larval phase (Kunzlik et al., 1986) .
The combined effects of a greater age-at-maturity and lower age-specific fecundity will tend to make the Firth of Forth sandeel aggregation more vulnerable to collapse through recruitment-overfishing, leading to reduced reproductive potential and hence a reduced capacity to produce recruits. As such, the Firth of Forth sandeel aggregation may be less able to support a level of fishing mortality as high as the other banks, and the time to recovery following a local population collapse may be longer than elsewhere. This sensitivity to fishing pressure is clearly an important issue and must be considered in any future re-opening of the region to fishing. Hence, in managing this important North Sea stock, we advocate a move towards a regionally based stock model that takes into account differences in biomass and potential fecundity per unit weight at a regional level. Attempts have already been made to conduct regional assessments for North Sea sandeels (Pedersen et al., 1999) , although they used the stock maturity-at-age key for the total stock to estimate spawning-stock biomass. Work is currently underway to produce realistic spatial models of sandeel population dynamics that account for regional differences in life history traits and local mortality processes. The present study provides a valuable contribution to this work by providing input for spatially resolved estimates of egg production.
